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Abstract

The rising public awareness of climate change and urban air pollution has been one
of the key drivers for transport electrification. Such trend drastically accelerates the
quest for high-power-and-torque-density electric drive systems. The rare-earth per-
manent magnet synchronous machine, with its excellent steady-state and dynamic
characteristics, has been the ideal candidate for these applications. Specifically, the
fractional-slot and concentrated-winding configuration is widely adopted due to its
distinctive merits such as short end winding, low torque pulsation, and high effi-
ciency. The vibration and the associated acoustic noise become one of the main
parasitic issues of high-performance permanent magnet synchronous drives. These
undesirable features mainly arise from mechanical connection failure, imperfect as-
sembly, torque pulsation, and electromagnetic radial and axial force density waves.
The high-power-and-torque-density requirement will only be ultimately fulfilled by
the reduction of both electromagnetic active material and passive support structure.
This results in inflated electromagnetic force density inside the electric machine.
Besides, the stiffness of the machine parts can be compromised and the resultant
natural frequencies are significantly brought down. Therefore, the vibration and
acoustic noise that are associated with the electromagnetic radial and axial force
density waves become a burden for large deployment of these drives.

This study is mainly dedicated to the investigation of the electromagnetic radial
forced density and its associated vibration and acoustic noise in radial-flux perma-
nent magnet synchronous machines. These machines are usually powered by voltage
source inverter with pulse width modulation techniques and various control strate-
gies. Consequently, the vibration problem not only lies on the permanent magnet
synchronous machine but also highly relates to its drive and controller. Generally,
the electromagnetic radial force density and its relevant vibration can be divided
into low-frequency and high-frequency components based on their origins. The
low-frequency electromagnetic radial force density waves stem from the magnetic
field components by the permanent magnets and armature reaction of fundamen-
tal and phase-belt current harmonic components, while the high-frequency ones are
introduced by the interactions between the main low-frequency and sideband high-
frequency magnetic field components.

Both permanent magnets and armature reaction current are the main sources of
magnetic field in electric machines. Various drive-level modeling techniques are
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first reviewed, explored, and developed to evaluate the current harmonic compo-
nents of the permanent magnet synchronous machine drive. Meanwhile, a simple
yet effective analytical model is derived to promptly estimate the sideband cur-
rent harmonic components in the drive with both sinusoidal and space-vector pulse
width modulation techniques. An improved analytical method is also proposed to
predict the magnetic field from permanent magnets in interior permanent magnet
synchronous machines. Moreover, a universal permeance model is analytically de-
veloped to obtain the corresponding armature-reaction magnetic field components.
With the permanent magnet and armature-reaction magnetic field components, the
main electromagnetic radial force density components can be identified and esti-
mated based on Maxwell stress tensor theory.

The stator tooth structure has large impacts on both electromagnetic radial force
density components and mechanical vibration behaviors. The stator tooth modu-
lation effect has been comprehensively demonstrated and explained by both finite
element analysis and experimental results. Analytical models of such effect are de-
veloped for prompt evaluation and insightful revelation. Based on the proposed
models, multi-physics approaches are proposed to accurately predict low-frequency
and high-frequency electromagnetic radial vibration. Such method is quite versa-
tile and applicable for both integral-slot and fractional-slot concentrated-winding
permanent magnet synchronous machines. Comprehensive experimental results are
provided to underpin the validity of the proposed models and methods.

This study commences on the derivations of the drive parameters such as torque an-
gle, modulation index, and current harmonic components from circuit perspective
and further progresses to evaluate and decouple the air-gap magnetic field compo-
nents from field perspective. It carries on to dwell on the analytical estimations of
the main critical electromagnetic radial force density components and stator tooth
modulation effect. Based on the stator mechanical structure, the corresponding elec-
tromagnetic radial vibration and acoustic noise can be accurately predicted. Various
analytical models have been developed throughout this study to provide a system-
atic tool for quick and effective investigation of electromagnetic radial force density,
the associated vibration and acoustic noise in permanent magnet synchronous ma-
chine drive. They have all been rigorously validated by finite element analysis and
experimental results. Besides, this study reveals not only a universal approach for
electromagnetic radial vibration analysis but also insightful correlations from both
machine and drive perspectives.
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magnet

Bs Air-gap magnetic flux density

c Speed of sound

fm The m'™ order stator natural frequency

fr Permanent magnet magnetomotive force

fs Fundamental armature-reaction magnetomotive force

fv v harmonic current armature-reaction magnetomotive force

fu Sideband armature-reaction magnetomotive force with frequency

Fm_wk

W
Radial force of m™ order with frequency wy,
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XX Nomenclature

fi Radial force acting on single tooth

E. . v™" magnetomotive force of permanent magnet

Fsp, Fsy Fundamental and v** magnetomotive forces of fundamental arma-
ture reaction

Fs 4, Fs, d- and ¢-axis magnetomotive forces of fundamental armature reac-
tion

F,, uth magnetomotive force of v*" harmonic current armature reaction

F, . uth magnetomotive force of current harmonic armature reaction
with frequency w,

G Transposed matrix of P

H,, Height of permanent magnet

1 Current in each circuit

Tay bhs Le Current in three phase windings

vt current harmonics in three phase windings

Sideband current harmonics in three phase windings with frequency
Wi

d- and g-axis stator current components in the rotor reference frame
d- and g-axis equivalent current in windings

d- and ¢-axis equivalent current in damping loops

d- and g-axis current harmonics with frequency w, in the rotor
synchronous reference frame

Amplitude of current space vector

Stator current harmonic with frequency w, in the stator stationary
reference frame

Damping loop current matrix

Magnet equivalent current matrix

Winding current matrix

Magnitude of winding current

Magnitude of v** winding current harmonic

Magnitude of sideband current with frequency w,

The radial sound pressure

The standard reference radial sound pressure

Current density of conductor

Rotor inertia moment

Coupling matrix

Fundamental and v** winding factor

The sound pressure level

The equivalent length of rotor magnetic bridge

Axial effective machine length

Winding self inductance matrix

Damping loop self inductance matrix

d- and g-axis fundamental reaction inductance components

d- and g-axis synchronous inductance components

Fundamental and v mean components of fundamental reaction
inductance components

Leakage inductance of each circuit
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U, uq

Ud s Ug o,

Number of phases

Modulation index

d-g mutual inductance

Overall mutual inductance matrix of winding and bar

Mutual inductance matrix of winding to damping loop

Mutual inductance matrix of magnet and winding

Mutual inductance matrix of magnet and damping loop

The overall mass of stator system

Winding turns in series per phase

Stiffness matrix

Pole pairs of actual machine and unit machine

Electromagnetic radial force density

Radial force density acting on single tooth

Electromagnetic radial force density with m* spatial order and wy,
frequency

Magnitude of radial force density of m™ order component with wy,
frequency

Conductivity matrix

Overall resistance of each circuit

Flat top air gap and magnet slot reluctance

Rotor magnetic bridge and air-gap reluctance

Overall and flux leakage reluctance in the rotor

Resistance of stator phase winding

Air-gap reluctance under a single tooth

Radius of stator yoke

Stator and rotor yoke reluctance related to a single tooth
Damping bar resistance diagonal matrix

End ring resistance diagonal matrix

Damping bar additional matrix

Winding resistance diagonal matrix

Radius of air gap

Electromagnetic torque

Load torque

Terminal voltage of each circuit

Voltage of phase A

d- and g-axis stator voltages in rotor synchronous reference frame
d- and g-axis voltage harmonics with frequency w, in rotor syn-
chronous reference frame

Amplitude of voltage space vector

Winding voltage matrix

a- and [-axis stator voltages in stator stationary reference frame
Direct current link voltage

Width of rotor magnetic bridge

Width of slot opening

Width of permanent magnet

Stator tooth pitch



xxii Nomenclature

Z, Zy Slot number of actual machine and unit machine

Greek Symbols

a, B,y Pole arc angle of one tooth, tooth shoe and tooth root

g, Ol Inner and outer arc angle of magnet

0, 1y Fundamental and v™ pole arc angle

B, Bo Actual and equivalent arc angle of magnetic bridge

) Torque angle

Ocf Effective air gap distance

7y Nonlinear voltage drop in external circuit

A Overall air-gap permeance

Ar Relative air-gap permeance of rotor

Aa, A, Magnitude of d- and g-axis permeance

Ay Ay Magnitude of fundamental and v*" average air-gap permeance

As Relative air-gap permeance of stator

Ay, As Magnitude of rotor and air-gap band permeance

Ao Magnitude of average air-gap permeance

Ao, The n'" relative rotor saliency permeance

A,z The nt" relative slot permeance

1 Material permeability

Lo Permeability of free space

Ly Permeability of rotor magnetic bridge

We Rotor electrical angular frequency

Wy Rotor mechanical angular frequency

W Carrier wave angular frequency

Win The m' order stator natural angular frequency

) Flux linkage of each circuit

(or Permanent magnet magnetic flux linkage

Y, Yy d- and g-axis stator flux linkage components in rotor synchronous
reference frame

Yad, Vaq d- and g¢-axis fundamental armature-reaction flux linkage compo-
nents in rotor synchronous reference frame

Yimds Ymg d- and g¢-axis overall fundamental flux linkage components in rotor
synchronous reference frame

Vw Winding flux linkage matrix

U Damping loop flux linkage matrix

(3 Overall mutual flux linkage matrix

Ywm Winding mutual flux linkage of permanent magnet

Vim Damping loop mutual flux linkage of permanent magnet

O Internal equivalent magnetic flux of permanent magnet

P Density of the medium

o Material conductivity

oM Coefficient of coupling in mutual inductance

Tp Pole arc distance

Ts Magnet pole arc coefficient
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O Mechanical angle

Um Stator vibration velocity

Vo Initial phase of overall fundamental air-gap magnetic flux density

O, Initial phase of radial force density of m™ order component with
frequency wy

s Initial phase of winding current

Ou Initial phase of w), frequency winding current harmonic

oy Initial phase of v winding current harmonic

¢ Mechanical modal damping ratio

Subscripts

12 W, =+ 2w,

13 ws £ 3we

14 ws t 4w,

20 2w,

21 2w, =+ W,

25 2w £ dw,

26 2w, £ 6w,

27 2w, £ Tw,

LM, W Components of damping loop, magnet and winding in multi-loop
machine model

a,b, c Associated variables of phase a, b and ¢

d,q d- and g-axis components of associated vector in rotor synchronous
reference frame

P,V Spatial distributed components with fundamental and v** spatial
order

1 Sideband associated component with frequency w,

v Phase-belt harmonic component with frequency vw,

Abbreviations

2-D Two-dimensional

3-D Three-dimensional

4-D Four-dimensional

AC Alternating current

BLDC Brushless direct current

DC Direct current

DTC Direct torque control

EMF Electromotive force

ERFD Electromagnetic radial force density

ERV Electromagnetic radial vibration

FEM Finite element method

FEA Finite element analysis

FFCR Feed forward current regulator

FFT

Fast fourier transform



XXiV Nomenclature
FSCW Fractional slot concentrated winding
FW Flux weakening
IM Induction machine
MMF Magnetomotive force
MEPA Maximum efficiency per ampere
MOPA Maximum output torque per ampere
MTPA Maximum torque per ampere
PM Permanent magnet
PMDC Permanent magnet direct current
PMSM Permanent magnet synchronous machine
PID Proportional integral derivative
PWM Pulse width modulation
RPWM Random switching pulse width modulation
SMO Sliding mode observer for sensorless estimation
SPWM Sinusoidal pulse width modulation
STO State observer for sensorless estimation
SVPWM Space vector pulse width modulation
VSI Voltage source inverter
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Chapter 1

Introduction

This chapter first briefs the applications of PMSM and its drive, with corresponding
advantages over its counterparts. The PMSM types, with their characteristics and
typical applications are reviewed, followed by the main topologies of PMSM based
on the rotor structure. Then, the common control strategies are illustrated, as well
as PWM techniques and position detection schemes. Some of them will be involved
in further practical investigations. Besides, the principal demerits of PMSM are
also discussed. ERV and its associated acoustic noise, as one of the main issues, are
further introduced from low frequency and high frequency sources. The outline and
main contributions of this study are listed.

1.1 Background

PMSMs, which have exquisite performances, are recently becoming one of the main
commodities in variable-frequency drive systems for various applications. On the
other hand, PWM techniques with vector control and direct torque control strate-
gies are widely employed in PMSM drive systems to accomplish excellent static and
dynamic performances. However, the undesirable magnetic field harmonic compo-
nents are inevitably generated in PMSMs by slot opening, rotor structure, winding
arrangement, core saturation and further complications caused by the controller.
They can manifest in the formation of cogging torque, torque ripple and ERFD,
which are the main sources of ERV in PM machines [1, 2]. Such vibration, as one of
the parasitic effects, is quite a common issue for PMSM drives in many applications
such as electric vehicles and elevators, and hence needs to be addressed properly.
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1.1.1 The Electrical Drive
The Adjustable Speed Drive

Nowadays, the ever-increasing development activities on electrical adjustable speed
drives have been propelled by huge demands of mechanical motion automation,
sustained development in power semiconductors and integrated circuits, as well as
the advent of new magnetic materials. The trend from constant speed systems to
adjustable speed systems mainly rests on the demands of energy efficiency, speed
or position control and excellent dynamic performance [3]. The adjustable speed is
widely employed in applications such as fans, pumps and compressors to improve the
efficiency. Meanwhile, there are also vigorous demands on the drive to achieve speed
or position control in applications such as industrial automation, elevator traction
and household appliance. Excellent transient performances are quite essential in
applications of electric propulsion, aerospace, aviation and wind power.

Generally, modern electrical drive system includes the following four distinct ele-
ments [3, 4]:

coupler and load;

electric machine;
e power electronic converter;

controller.

The load device ultimately realises the purpose of the drive system. The coupler
is the component which connects the electric machine to the load to deliver the
power smoothly. In the case of direct-drive systems, such as the application of
gearless traction machine in the elevator, the coupler normally does not exist. The
electric machine is the prime device transferring power from the source into rotating
motion to drive the load. The converter offers the electrical energy to the machine
in an available form by power switch module following the reference signals from
the controller. The control algorithms are embedded in the controller collecting
corresponding system status by sensors and generating modulation signals. As a
result, the drive accomplishes the target torque, speed, position or power.

There are various types of electrical drives available in industry. However, their
basic structures remain unchanged. The electric machines generally determine the
characteristics of the drive. The basic machine type can be divided into two main
categories:

e DC commutator variable-speed drive;

e AC variable-speed drive.

Basically, two types of machine are available in the DC commutator drive system.
One is DC commutator machine, the other is PMDC commutator machine. While
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the AC drives can be further categorized into AC IM drive and PM brushless machine
drive.

The DC Drives

DC machine has physically separated magnetic field and armature reaction circuit.
The magnetic field is mainly introduced by excitation winding or PMs on the sta-
tor. The interaction between the armature and excitation winding field produces
the electromagnetic torque. In electrically excited DC machines, the torque can be
tuned by respective winding currents via corresponding variable DC voltage source.
As a result, stable and excellent transient performance can be readily achieved by
simple drive controller. However, the applications of DC drive are constrained. The
requirement of routine maintenance on brushes and commutator bars is one of the
main issues. The drive speed is also limited by the physical commutator due to
radio frequency interference, commutator sparking and potential source of ignition.
Moreover, the space for the commutator and brushes can be also considerable. Con-
sequently, the conventional DC commutator drives have been gradually replaced by
maintenance-free brushless three-phase vector-controlled AC drives in many appli-
cations. Such drives can boast quick response, compact structure, light weight and
large continuous and peak torques [3, 4].

The Induction AC Drives

The IM is widely adopted for various AC drives. IM drive with simple constant volt-
age/frequency scalar control method suffices most unsophisticated machinery. By
adjusting the voltage magnitude in proportion to the supply frequency, adjustable
speed can be achieved. The voltage drop on the stator resistance has to be com-
pensated for low frequency operation. The voltage amplitude saturates to the level
in the case of operation speed above the base value. Field oriented vector control
is developed to further improve the steady-state and transient performance of the
drive. Such method emulates the IM to separately excited DC machines. Both
magnetic field and torque components can be controlled independently in the ro-
tating reference frame. Moreover, DTC scheme, based on magnetic flux and torque
estimation, is also widely investigated for such drive to offer better robustness [5].

However, the ohmic losses in the rotor conductors can considerably reduce the ef-
ficiency of IM drive. The power factor of IM drive also deteriorates because of
the magnetizing current in the stator winding. Distributed winding arrangement
is common practice in IM to achieve sinusoidal MMF. It implies that the pole-pair
number is somewhat restricted in IM. That limits its direct deployment for low-
speed applications. As a result, mechanical transmissions such as gears are required
for low-speed applications. The efficiency of the overall drive system can be com-
promised. In addition, the associated maintenance of the mechanical transmission
can eventually jeopardise the system in some cases. All these shortages are moving
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it away from high performance applications.

The PM Brushless Drives

The PM brushless machine normally has the armature reaction windings accommo-
dated in the stator slots in the same way as IM. On the other hand, the PMs in
the rotor provides constant rational magnetic field. As a consequence, an average
electromagnetic torque is produced by the interaction of stator and rotor magnetic
fields, when the current induced MMF is precisely synchronized in the same fre-
quency of the rotor. The PMs in the construction of such electrical machines bring
the following benefits [6]:

e cnergy saving as no excitation losses is required to build the magnetic field,
and hence substantially increasing the drive efficiency;

e higher torque and power per volume;

e better dynamic performance than electrically excited counterparts due to higher
associated magnetic flux density in the air gap and lower moment of inertia;

e more simplified construction and maintenance;

e versatile configuration and more topologies.

Compared with IMs, the PM brushless machines have become a more attractive
option in variable-speed drives, due to the enhanced steady-state and dynamic per-
formance, together with improved torque and power density. The advancements
of semiconductor, microprocessor and digital techniques have made the control of
such brushless machines easy to realize. The vector control scheme is much more
straightforward to implement in PMSM drives in comparison with IM drives. This
is facilitated by the fact that the PM magnetic field aligns with the d-axis of the
rotor reference frame. Therefore the space angle of the PM magnetic field is same as
the rotor angle, which can be directly detected by the position sensor. In contrast,
the detection of magnetic field position is much more complicated in IM. Normally
a magnetic flux model estimating the slip position is always required to derive the
space angle, which is different from the rotor position [7]. The range of operational
speed can be extended in PM brushless machines with relatively high efficiency.
The PM brushless machine is also a more viable option than its induction coun-
terpart in the applications with low-speed, high-efficiency, and easy-maintenance
requirements. In particular, direct drive system can be developed based on large
pole-pair structure with concentrated-winding configuration. All these merits have
constantly pushed the industrial penetrations of PM brushless machine drives over
the last decades.
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1.1.2 The Types of PM Brushless Drives

The PM brushless motor drives can be mainly categorized into two principal types,
namely square and sinusoidal wave machines [8, 6, 9]. The square wave excitation
machine is essentially equivalent to PMDC commutator machine with a different
reference frame. The main magnetic field is introduced by the rotating PMs. This
explains the motor with square wave current are called brushless DC machines. Sim-
ilar to the DC commutator machine, the currents in the stator windings reverse with
alternating polarity of the magnetic field by power transistors, which are performed
in synchronization with the rotor position angle. Hence, the electromagnetic torque
keeps unidirectional, and the resultant characteristics are essentially identical to DC
commutator machines mathematically.

The polarity alternation of PMs in the rotor requires square-wave AC excitation in
the phase winding. Therefore the phase back EMF is normally designed as trape-
zoidal waveform to achieve smooth torque with minimum fluctuation. The BLDC
machine can be driven by open-loop configuration. However, current surge can be
introduced in the start process. Consequently, closed-current-loop, normally realized
by chopper control, is employed to achieve square wave current in each phase.

Sinusoidal currents are normally employed in PM brushless machines with sinusoidal
back EMF. This kind of machine is simply named as PMSM. The PMSM 